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Keith EJ Tyo Workshop goals
• Understand the role of noise in high 
throughput screens
• Devise screening strategies that are robust 
to noise






• Offer alternate approaches
Workshop materials
https://bit.ly/2SnRoEf
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Screening in directed evolution
• Flow cytometry
• Microdroplet screening
• 96 well plates
• Affinity separations
 Phage panning
Proving a negative result
If you do not find an improved mutant …
a. there is no improved mutant in the library
or
b. the screen could not find the improved mutant
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Screening
8
Yu, J. S., Pertusi, D. A., Adeniran, A. V., Tyo, K. E. J., (2017). CellSort:. Bioinformatics, 33(6), 909–916. 
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Screening
• Single cell measurements are 
noisy
 Often 1-2 orders of magnitude
• How big of a shift are you 
expecting?
 50%
• FACS, microfluidic droplets







Clonal populations present a 
range of values
100x
Libraries often create diversity that is smaller 
than clonal spread














Library of four mutants
Depending on where you set your gate, you could still get cells from the 
poorest mutant
Key questions
• Where should I set my gate?
• How many rounds of enrichment do I need?
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Definitions
• WT – wild-type properties
We will assume most of the library is similar to WT
• Hits – mutants with improved properties
We will assume there is only one improved mutant in our library.
i.e. worst-case scenario
Do you have a positive control?  
 i.e. what you expect the improved mutant to look like?
• YES
 Use flow cytometry plots to find true positive, false negative, etc.
• NO
 Make assumption about what an improved mutant looks like
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I do have a positive control.
• I have a known binder
 Neg. control – a non-binding molecule
 Pos. control - a known binding molecule
• I have a native substrate for an enzyme
 Neg. control – the new substrate (that does not currently work)
 Pos. control – the native substrate
• Other
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Calculating pos/neg from flow cytometry data
15
https://en.wikipedia.org/wiki/Receiver_operating_characteristic
True positive frequency and false positive frequency can be estimated 
directly from flow cytometry data.
1. Set threshold
2. Calculate fraction of positive and negative control above the threshold.
Enrichment
For your screen
 How has the fraction of hits increased after one round 
of sorting?
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𝐸𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 =
𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 𝑡ℎ𝑎𝑡 𝑎𝑟𝑒 𝑠𝑜𝑟𝑡𝑒𝑑 (𝑡𝑟𝑢𝑒 𝑝𝑜𝑠)
𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑛𝑎ï𝑣𝑒 𝑙𝑖𝑏𝑟𝑎𝑟𝑦 𝑡ℎ𝑎𝑡 𝑖𝑠 𝑠𝑜𝑟𝑡𝑒𝑑 (𝑡𝑟𝑢𝑒 + 𝑓𝑎𝑙𝑠𝑒 𝑝𝑜𝑠)
How do we know how many improved 
mutants are in the naïve library?
We don’t.  
But, we can assume the worst case scenario.
There is only one improved mutant in the entire library.
Frac of cell= (Library size)-1
Multiple rounds of sorting
Tyo – Statistics of Directed Evolution24
𝐹𝑖𝑛𝑎𝑙 ℎ𝑖𝑡 𝑓𝑟𝑒𝑞 = 𝐸𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 𝑛 × 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 ℎ𝑖𝑡 𝑓𝑟𝑒𝑞
where n = number of rounds of sorting
Don’t rely completely on modeling!





Tyo – Statistics of Directed Evolution25
Results 
 
As proof of concept, we mixe  y ast bearing Ste2 receptors with those 
bearing Ste3 receptors at a ratio of 1:106. Ste3 receptors do not show a 






















After FACS sorting, we have 99% confidence that all a tive cept rs have 
been detected and captured. 
Round 1 Round 2 


















that you can recover 
a rare positive using 
your procedure
What to do if you don’t have a positive 
control.
1. Think much harder, and try to find a positive control.
or
2. Make an assumption about what an improvement might look like.
Typically coefficient of variance does not change 
significantly.
What increase in the mean is reasonable?  10%, 2x, 10x?
Flow cytometry data is typically a log-normal distribution.  
Worksheet was designed for log-normal and normal-normal distributions.
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1) Use arithmetic mean 
worksheet (for now)
2) Input values in
yellow blocks for WT and hit
3) Worksheet will autoplot on 
log and linear scale.
https://bit.ly/2SnRoEf
Sorting calculations
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1) Input the sorting threshold you 
plan to use
2) Worksheet calculates the True 
Pos/ False Pos frequency.
3) Input Freq of hits (inverse of library size)








What parameter defines best?
What is the enrichment at threshold of 3200?
What percent of hits are not sorted at this threshold?
How many rounds of enrichment to get to 20% hits?




n = 21.3 (or practically 22)
https://bit.ly/2SnRoEf
How many cells should I sort? (Oversampling)
In the last example, 96% of hits were not sorted.
So you would need to screen 100 hit cells for your screen to 
recover four of them.  
If your library is 106 (as in last example)




Tyo – Statistics of Directed Evolution30
https://bit.ly/2SnRoEf
Probability of missing a hit
Probability of missing 1 hit = False Neg. Rate
Probability of missing n hits = FNn
(from previous example)
106 (1x) 0.961    = 0.96
107 (10x) 0.9610  = 0.66
108 (100x) 0.96100= 0.01
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(i.e. 99% chance of 
recovering at least one hit 
cell)
https://bit.ly/2SnRoEf
Other sources of failure in FACS
• Cell viability
 Even though you sort 100 cells, how many of them are viable?
• Specifically how many hits?
• Biases during growth
 Between rounds of sorting, regrowing your library will allow fast 
growers to dominate the population
• Two-state sorting (biosensors)
 Constitutive ‘on’ and constitutive ‘off’
Forthcoming publication on this
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Summary - High throughput screening 
• The problem: How to interpret a negative screening result?
• Having a positive control is good.
 If not, make some assumptions
• Estimate enrichment to inform the rounds of sorting you need
• Ensure you sort enough cells to confidently recover a hit
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DIVERSIFICATION
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How should you generate mutant libraries?
Many methods exist
Error-prone PCR is common
(but has problems)
Sequence space is much 
larger than what is searchable

















The number variants that are 
subjected to screening and 
selection. Library sizes are 
limited by molecular cloning 
protocols and/or by host 
transformation efficiency.
Focused mutagenesis
A strategy of diversification 
that introduces mutations at 
DNA regions expected to 
influence protein activity.
Random mutagenesis
A strategy of diversification 
that introduces mutations in an 
unbiased manner throughout 
the entire gene.
Mutational spectrum
The frequency of each specific 
type of transition and 
transversion. The evenness of 
this spectrum allows more 
thorough sampling of sequence 
space.
Transformation
The process by which a cell 
directly acquires a foreign  
DNA molecule. A number of 
protocols allow high-efficiency 
transformation of 
microorganisms through 
treatments with ionic buffers, 
heat shock or electroporation.
Neutral drift
A process that occurs in the 
presence of a purifying 
selection pressure to eliminate 
deleterious mutations. This is 
in contrast to genetic drift, a 
process by which mutations 
fluctuate in frequency in the 
absence of selection pressure.
Researchers can use focused mutagenesis to maxi-
mize the likelihood that a library contains improved 
variants, provided that amino acid positions that are 
likely determinants of the desired function are known. 
In the absence of plausible structure–function relation-
ships, random mutagenesis can provide a greater chance 
of accessing functional library members than focus-
ing library diversity on incorrectly chosen residues 
that, when mutated, do not confer desired activities. 
Researchers have developed an extensive range of meth-
ods to perform both forms of gene diversification, and 
the most successful strategies often integrate random 
and focused mutagenesis.
Random mutagenesis. Traditional genetic screens 
use chemical and physical agents to randomly dam-
age DNA. These agents include alkylating compounds 
such as ethyl methanesulfonate (EMS)11, deaminat-
ing compounds such as nitrous acid12, base analogues 
such as 2-aminopurine13, and ultraviolet irradiation14. 
Chemical mutagenesis is sufficient to deactivate genes 
at random for a genome-wide screen but is less com-
monly used for directed evolution because of biases in 
mutational spectrum11,12.
Non-chemical methods to randomly mutate genes 
frequently enhance the rate of errors during DNA rep-
lication. In Escherichia coli, DNA replication by DNA 
polymerase III introduces mutations at a rate of 10−10 
mutations per replicated base15. This rate is increased 
in mutator strains containing deactivated proofread-
ing and repair enzymes, mutS, mutT and mutD15–17. 
Transformation of the XL1-red strain with a plasmid bear-
ing the evolving gene yields mutations at a rate of 10−6 
per base per generation16. Unfortunately, these strains 
not only mutate the library member but also induce del-
eterious mutations in the host genome. Host intolerance 
to a high degree of genomic mutation places an upper 
limit on in vivo mutagenesis rates. To avoid this con-
straint, C. C. Liu and co-workers18 developed orthogonal 
in vivo DNA replication machinery that only mutates 
target DNA. This method co-opts naturally occurring 
Kluyveromyces lactis linear plasmids pGKL1/2 and their 
specialized TP-DNA polymerases. Because this plasmid 
is exclusively cytoplasmic, the TP-DNA polymerase 
exerts no mutational load on the host genome within 
the nucleus of Saccharomyces cerevisiae.
The relatively low mutation rates and the lack of con-
trol offered by most previously described in vivo random 
mutagenesis protocols have led to a strong preference 
towards in vitro random mutagenesis strategies. In 
error-prone PCR (epPCR), first described by Goeddel 
and co-workers19, the low fidelity of DNA polymerases 
under certain conditions generates point mutations dur-
ing PCR amplification of a gene of interest. Increased 
magnesium concentrations, supplementation with man-
ganese or the use of mutagenic dNTP analogues20 can 
reduce the base-pairing fidelity and increase mutation 
rates to 10−4~10−3 per replicated base21. Because muta-
tions during PCR accumulate with each cycle of ampli-
fication, it is possible to increase the average number of 
mutations per clone by increasing the number of cycles.
One application of epPCR is to generate neutral drift  
libraries. Before directed evolution experiments are 
carried out, a target gene is mutagenized by epPCR 
and fused to a GFP reporter, and the variants are then 
screened for proper protein expression22. After multi-
ple rounds of mutagenesis and screening, the resulting 
neutral drift library exhibits sequence diversity that does 
Figure 1 | Key steps in the cycle of directed evolution. a | The process of directed evolution in the laboratory mimics 
that of biological evolution. A diverse library of genes is translated into a corresponding library of gene products and 
screened or selected for functional variants in a manner that maintains the correspondence between genotype (genes) 
and phenotype (gene products and their functions). These functional genes are replicated and serve as starting points for 
subsequent rounds of diversification and screening or selection. b | Although the mutational space is multidimensional,  
it is conceptually helpful to visualize directed evolution as a series of steps within a three-dimensional fitness landscape. 
Library generation samples the proximal surface of the landscape, and screening or selection identifies the genetic means 
to ‘climb’ towards fitness peaks. Directed evolution can arrive at absolute maximum activity levels but can also become 
trapped at local fitness maxima in which library diversification is insufficient to cross ‘fitness valleys’ and access 
neighbouring fitness peaks.
REVIEWS
380 | JULY 2015 | VOLUM E 16  www.nature.com/ reviews/genetics
© 2015 Macmillan Publishers Limited. All rights reserved
Packer, M. S., & Liu, D. R. (2015). Nature Reviews. Genetics. 
Error-prone PCR
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Currin, A., Swainston, N., Day, P. J., & Kell, D. B. (2015). Chemical Society Reviews. 
Pro’s
• Easy
• Requires no knowledge
Con’s
• Bias for particular mutations
• Limited diversity
Given a codon, only feasible to 
access ~8 other codons
GTC:   XTC,  GXC,  GTX
Oligo-based site directed mutagenesis
Pro’s
• Focus diversity to particular parts 
of a protein
• Control the specific mutation 
result
 NNK
 Can access all 20 or particular 
subsets
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Codon compression algorithms for 
saturation mutagenesis
Pines, G., Pines, A., Garst, A. D., Zeitoun, R. I., Lynch, 
S. A., & Gill, R. T. (2015). ACS Synthetic Biology. 
Currin, A., Swainston, N., Day, P. J., & Kell, D. B. (2015). Chemical Society Reviews. 
Nicking mutagenesis
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Wrenbeck, E. E., Klesmith, J. R., Stapleton, J. A., Adeniran, A., Tyo, K. E. J., 
& Whitehead, T. A. (2016). Plasmid-based one-pot saturation 
mutagenesis. Nature Methods, 13(11), 928–930. 
One day, in vitro
Shuffling
Pro’s
• Recombine natural diversity
• Recombine mutations from different hits
Con’s
• More complicated
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Packer, M. S., & Liu, D. R. (2015). Nature Reviews. Genetics. 
Domain insertion mutagenesis
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Younger, A. K. D., … Tyo, K. E. J., & Leonard, J. N. (2018). Development of novel metabolite-
responsive transcription factors via transposon-mediated protein fusion. Protein Engineering, 
Design and Selection, 31(2), 55–63. 
Nadler, D. C., …., & Savage, D. F. (2016). Rapid construction of metabolite biosensors using 
domain-insertion profiling. Nature Communications. 
Pro’s








• Many ways to create diversity that
 reduce library size
 focusing on mutations with high(er) probability of success
• Things I didn’t talk about
 Using Illumina sequencing to characterize libraries
• Naïve library
• Sorted library
 Using bioinformatics and structural information to select strategies for 
rational library design
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Conclusions
• Directed evolution is a powerful tool for engineering biology.
• High throughput screens
 Single cell measurements can be very noisy
 Statistical approaches can ensure a robust screening strategy
• Diversification
 Sequence space is large
 Focused/rational library approaches
• reduce screening effort
• focus on more likely candidates
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